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Cessation of berry growth coincides with leaf complete stomatal closure at pre-
veraison for grapevine (Vitis vinifera) subjected to progressive drought stress
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• Background and Aims Drought events have devasting impacts on grape berry production. The aim of this 
study was to investigate berry growth in the context of leaf stomatal closure under progressive drought stress.
• Methods Potted grapevine plants (varieties ‘Syrah’ and ‘Cabernet Sauvignon’) were evaluated at pre-
verasion (30–45 d after anthesis, DAA) and post-veraison (90–107 DAA). Berry diameter, berry absolute 
growth rate (AGR), leaf stomatal conductance (Gs) at midday, plant water potential at predawn and midday 
(ΨPD and ΨMD, respectively), and soil relative water content were measured repeatedly. The ΨPD-threshold of 
90 % loss in stomatal conductance (Gs10, i.e. complete stomatal closure) was determined. Data were related 
to plant dehydration phases I, II and III with corresponding boundaries Θ1 and Θ2, using the water potential 
curve method.
• Key Results At pre-veraison, berry AGR declined together with leaf Gs in response to soil drying in both var-
ieties. Berry AGR transitioned from positive to negative (shrinkage) values when leaf Gs approached zero. The 
Gs10-threshold was −0.81 MPa in ‘Syrah’ and −0.74 MPa in ‘Cabernet Sauvignon’ and was linked to boundary Θ1. 
At post-veraison, berry AGR was negligible and negative AGR values were not intensified by increasing drought 
stress in either variety.
• Conclusion Leaf complete stomatal closure under progressive drought stress coincides with cessation of berry 
growth followed by shrinkage at pre-veraison (growth stage 1).

Key words: Development, plant–water relations, ripening, stomatal behaviour, stress thresholds.

INTRODUCTION

Climate change has accelerated the frequency and intensity of 
drought events worldwide with devastating impacts on agri-
cultural and natural ecosystems (Gornall et al., 2010; Choat et 
al., 2018). Plant water stress by drought originates from insuf-
ficient soil water availability causing a water imbalance at the 
cell and organ level (Hsiao, 1973; Kramer and Boyer, 1995). 
Under drought conditions, leaf stomata closure is a key mech-
anism to limit water loss by transpiration while plant internal 
water resources are prioritized to developing reproductive or-
gans (Gambetta et al., 2020; Dietz et al. 2021; Harrison Day 
et al., 2021). For grapevine, daily berry growth is dependent 
on net water accumulation (Matthews and Shackel, 2005). This 
requires that daily (night and day) water inflow from parent 
plant to berry exceeds daily water outflow (xylem backflow 
and berry transpiration) (Greenspan et al., 1994, 1996). Hence, 
berry growth ceases and berries start to shrink due to excessive 
berry transpiration and/or xylem backflow (Zhang and Keller, 
2015). Excessive xylem backflow is mainly linked to condi-
tions of water stress by drought when the water potential (Ψ) 
of the parent plant becomes much more negative than that of 

the berry. Berries are particularly sensitive to drought-induced 
xylem backflows prior to ripening (i.e. at pre-veraison) when 
berry xylem is well connected to the xylem hydraulic system 
of the parent plant and berry sugar concentrations are relatively 
low (Greenspan et al., 1994; Keller et al., 2006; Knipfer et 
al., 2015). However, it remains elusive how the cessation of 
berry growth (i.e. onset of shrinkage) is linked to leaf stomatal 
closure under progressive water stress by drought.

Frequency, length, severity and phenological timing of 
drought events can have various impacts on berry growth 
and development (e.g. Castellarin et al., 2007; Gambetta 
et al., 2020; Rienth et al., 2021). Beneficial trade-offs be-
tween fruit quality, growth and soil water availability may 
be achieved under conditions of controlled water deficit, but 
this requires a comprehensive understanding of the coordin-
ation of physiological processes at the plant and berry level. 
Process-specific Ψ-thresholds provide important targets for 
water-deficit treatments and improved irrigation management 
(Gambetta et al., 2020). Plant Ψ measured on an equilibrated 
leaf is directly related to the negative pressure that develops 
in xylem liquid under conditions of transpiration and/or soil 
drying (Scholander et al., 1965; Turner and Long, 1980; 
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Turner, 1981). Considering a hydraulic continuum between 
plant and soil, plant Ψ measured at predawn (ΨPD) – when 
transpiration is negligible – serves as a useful surrogate for 
soil Ψ (Jones, 2007). For a given soil Ψ, differences in plant 
ΨPD and Ψ at midday (ΨMD) are mainly caused by changes 
in transpiration rates in response to atmospheric demand and 
leaf stomatal opening/closing (Martinez-Vilalta et al., 2014; 
Charrier, 2020). For woody perennial crops facing drought 
stress, Knipfer et al. (2020a) showed that the Ψ-threshold of 
leaf complete stomatal closure can be predicted from the rela-
tionship between ΨPD and ΨMD by using a piecewise linear re-
gression model (PLR) - the ‘water potential (WP) curve’. The 
WP curve classifies plant dehydration into three phases and 
determines the boundaries that separate dehydration phases I 
and II (boundary Θ1 ‘complete stomatal closure’) and II and III 
(boundary Θ2 ‘turgor loss point’) (Fig. 1). However, it remains 
to be shown which dehydration phase is associated with cessa-
tion of berry growth and shrinkage in response to progressive 
drought stress (Fig. 1).

Greenspan et al. (1994, 1996) evaluated the diurnal water 
budget of the grape berry at pre- and post-verasion according 
to measured patterns of diurnal berry expansion/shrinkage 
and quantified the corresponding water flows across xylem, 
phloem and skin (transpiration). Here, we extend on the au-
thors findings and provide specific insights into the coordin-
ation of leaf stomatal closure and cessation of berry growth 
under drought stress. Our hypothesis was that leaf complete 
stomatal closure delays the onset of berry shrinkage under 
progressive drought stress at pre-veraison by restricting ex-
cessive transpirational water loss from the parent plant, in 
turn allowing for prolonged berry water accumulation when 
soil water availability becomes limiting (Fig. 1). We studied 
varieties ‘Syrah’ and ‘Cabernet Sauvignon’ because of ex-
isting information on the hydraulic connection between 
parent plant and berry. For ‘Syrah’, berry shrinkage at post-
veraison seems to be linked to xylem backflow late into fruit 
ripening (118 d after anthesis, DAA; Tilbrook and Tyerman, 
2099). For ‘Cabernet Sauvignon’, xylem occlusions form in 
the pedicel at post-veraison but a hydraulic pathway of re-
duced conductivity appears to remain active (Knipfer et al., 
2015). We believe that the physiological data presented here 
may have future implications for developing irrigation man-
agement strategies that mitigate the risk of drought-induced 
berry shrinkage through knowledge about leaf stomatal 
thresholds.

MATERIALS AND METHODS

Plant growth

Own rooted 1.5-year-old plants (Vitis vinifera ‘Syrah’ and 
‘Cabernet Sauvignon’, n = 16 plants per variety) were grown 
in 11.3-L pots filled with perennial soil mix (1:5 parts of peat 
moss, bark, compost, sand and perlite) in a glasshouse at the 
University of British Columbia, Vancouver campus. Plants 
were pruned to have two shoots that were bearing fruit clus-
ters (n = 4-5 clusters per plant with on average 29 berries per 
cluster, and ~60 leaves per plant). Each shoot was trained to 
grow vertically along a stake; secondary shoots were removed 

prior to the experiment. Plants were maintained well-watered 
until the start of the experiment by hand-watering every 2–3 
d with water containing a mix of nutrients. At 30 DAA (pre-
veraison) and 90 DAA (post-veraison), a subset of n = 8 plants 
were randomly selected per variety and subjected to a 15–17-d 
experimental trial (n = 4 plants ‘drydown’ by not watering and 
n = 4 plants ‘well-watered’). Using a digital balance, total pot 
weight (mTotal) was measured daily between 1900 and 2100 h 
for all plants, and mTotal of ‘well-watered’ plants was adjusted 
by adding the appropriate water weight using a graduated cy-
linder (1 mL H2O = 1 g) (for details see next paragraph). For 
‘drydown’ plants, day 1 was the first day plants were no longer 
watered (see Fig. 3 and Fig. 6). During the experiment trail, 
midday vapour pressure deficit (VPD) ranged from 1.6 to 3.2 
kPa at pre-veraison (average day/night temperature of 27/20 
°C and relative humidity of 55/73 %) and 0.9 to 2.5 kPa at 
post-veraison (average day/night temperature of 23/18 °C and 
relative humidity of 61/79 %); variations in VPD were due 
to changes in atmospheric conditions outside the glasshouse 
caused by sunny, cloudy or rainy days.

Bulk soil relative water content (soil RWC) was estimated ac-
cording to [(mH2O/mH2O*) × 100 %] where mH2O = water weight 
and mH2O* = water weight at field capacity (Knipfer et al., 
2020b). The value of mH2O was calculated according to (mTotal 
− a − b − c) for parameters a = weight of plastic pot (=150 g), 
b = plant weight (=500 g on average) and c = soil dry weight. 
We determined that for a range in plant weight from 250 to 750 
g calculated soil RWC only changed by 2–4 % which justified 
treating b as a constant (Supplementary Data Fig. S1). Soil dry 
weight (c) was determined according to [(e − a − b) × (1 − d)] 
for e = mTotal at field capacity and d = fraction of soil water 
at field capacity [=0.74 of water weight/(water weight + dry 
weight)]. Parameter mH2O* (f) was calculated according to [(e − 
a − b) × d]. Parameters a to f were treated as constants (Knipfer 
et al., 2020b).
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Fig. 1. Scheme illustrating the three plant dehydration phases of the WP curve 
with corresponding boundaries Θ1 and Θ2 for a grapevine subjected to drought 
stress. In addition, drought-induced reductions in midday leaf stomatal con-
ductance are shown. This is complemented with two possible scenarios in 
drought-induced changes in absolute berry growth rates (AGR), i.e. cessation 
of berry growth (at AGR = 0) either ‘coincides’ with leaf complete stomatal 

closure (negligible Gs and Θ1) or is ‘delayed’.
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Plant water potential

A Scholander-type pressure chamber (PMS Instrument 
Company, Model 615, Albany, OR, USA) was used to measure 
plant water potential at predawn (ΨPD) and at midday (ΨMD) 
every 1–2 d during the pre- and post-veraison experiment. On 
the evening prior to measurements (between 1900 and 2100 
h), two mature and fully developed leaves (in close proximity 
to each other and located halfway along the same shoot) were 
covered with aluminium foil and a plastic bag to inhibit tran-
spiration and allow for equilibration with stem xylem; shoots 
per plant were alternated to not defoliate one shoot over the 
course of the experiment. Subsequently, a dark plastic cover 
was pulled over the entire bench to minimize effects of night-
time canpoy transpiration and eliminate any light exposure 
that may trigger stomatal opening prior to measurement of 
ΨPD (Donovan et al., 2001). The next morning at predawn (be-
tween 0500 and 0600 h), the canopy cover was pulled back, 
one bagged leaf per plant was excised, the bagged leaf was in-
serted in a second plastic bag and placed in a cooler. After com-
pletion of leaf sampling from all plants (<10 min), an excised 
and bagged leaf was placed in the pressure chamber with the 
petiole end protruding through chamber lid. The pressure in the 
chamber was raised slowly at a constant rate (about 0.01 MPa 
s–1), and the balancing pressure (defined as plant Ψ) was re-
corded when a water meniscus started to form on the cut petiole 
surface. Following the same procedure, ΨMD was measured for 
the second bagged leaf that was still on the plant at midday (be-
tween 1200 and 1300 h).

The WP curve was defined as the relationship between ΨPD 
(x-axis) and ΨMD (y-axis). Plant dehydration phases I to III and 
corresponding boundaries Θ1 and Θ2 were determined using 
piecewise linear regression (PLR) models (Ryan and Porth, 
2007; Knipfer et al., 2020a). (Step-1) Datapoints were subjected 
to a triphasic PLR model. If the model predicted a significant 
(P < 0.05) boundary Θ1 and Θ2, and with all other model output 
parameters at P < 0.05, the model was accepted. To validate if 
the triphasic PLR model compared to a simple linear model 
provided a better fit, AICc (i.e. Akaike Information Criterion 
determined with AIC sample-size-adjusted formula) values 
were determined and the PLR model was used if the AICc 
value was lower by at least 2 points (Supplementary Data Table 
S1) (Burnham et al., 2011). (Step-2) If the triphasic model 
only predicted one significant boundary value, datapoints were 
subjected to a biphasic PLR model. If the biphasic model pre-
dicted a significant (P < 0.05) boundary Θ1, and with all other 
model parameters at P < 0.05, the model was accepted. Similar 
to Step-1, to validate if the biphasic PLR model compared to 
a simple linear model provided a better fit, AICc values were 
determined and the PLR model was used if the AICc value 
was lower by at least 2 points (Table S1). (Step-3) If no sig-
nificant boundaries were detected using a triphasic or biphasic 
PLR model, datapoints were subjected to a simple linear 
‘monophasic’ model.

Leaf stomatal conductance

Leaf stomatal conductance (Gs) was measured daily on a 
mature and completely developed leaf that was located on 
the same shoot and in between the two leaves used for ΨPD 

and ΨMD. Since leaves for Ψ measurements were bagged the 
previous evening, we were not able to take Gs and Ψ meas-
urements on the same leaf. Measurements of Gs were taken 
at midday (between 1200 and 1300 h) using a LICOR-6400 
gas exchange system. The leaf chamber was clamped to the 
leaf lamina about halfway between the leaf edge and initi-
ation point of the petiole (CO2 reference at 420 ppm, chamber 
block temperature at 25 °C, humidity at ~30 %; flow at 400 
µmol s−1 and light intensity at 1500 µmol m−2 s−1). To iden-
tify the best model fit of the relationship of midday Gs and 
ΨPD, all datapoints (variety, treatments, developmental stages) 
were pooled first (Table S2). The regression model that pro-
duced the lowest AICc value with all parameters significant 
(P < 0.05) was a sigmoidal three-parameter model; AICc 
value differences of at least 2 points were considered to iden-
tify the most strongly supported model (Burnham et al., 2011). 
Subsequently, the ΨPD threshold was calculated at 90 % loss 
of maximum stomatal conductance (Gs10) and defined as ‘leaf 
complete stomatal closure’; residual Gs was most likely due to 
cuticular transpiration.

Berry diameter and growth rate

Berry diameter was measured with a digital handheld caliper 
(between 1000 and 1100 h); berries measured were relatively 
loose and not tightly packed in the cluster. Great care was taken 
when placing the caliper to the widest diameter along the main 
berry axis to not squeeze the berry during measurement (i.e. es-
pecially at post-veraison when berries became soft); otherwise, 
the measurement and berry were discarded. For each plant, three 
to six berries (one to three per cluster) were tagged, measured 
every 2–3 d, and the average berry diameter (ØBerry) was deter-
mined. Berry absolute growth rate (AGR, in mm d−1) was cal-
culated as the difference in ØBerry divided by the number of days 
between measurements. Values of berry AGR > 0 and AGR < 0 
infered daily berry ‘expansion’ and ‘shrinkage’, respectively.

Data analysis

Linear and non-linear regression analyses were performed 
using SigmaPlot (version 14.5, Systat Software Inc., San Jose, 
CA, USA). A Student’s t-test was used to identify statistically 
significant differences (at P < 0.05) between mean values.

RESULTS

Berry growth pattern

Berry growth followed a double sigmoidal pattern in well-
watered plants of ‘Syrah’ and ‘Cabernet Sauvignon’ (Fig. 2A). 
The boundaries between growth stages were approximately at 
45 and 59 DAA. Berry AGR declined during stage 1 from 0.35 
to 0.09 mm d−1 in ‘Syrah’ and from 0.42 to 0.04 mm d−1 in 
‘Cabernet Sauvignon’ (Fig. 2B). During stage 2, berry AGR 
continued to decline and reached ~0 mm d−1 at 59 DAA in both 
varieties (Fig. 2B). Berry AGR increased again at the beginning 
of stage 3 reaching a maximum at 76 DAA in ‘Syrah’ (0.23 
mm d−1) and 73 DAA in ‘Cabernet Sauvignon’ (0.14 mm d−1). 
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Thereafter, berry AGR declined again and started to exhibit 
negative values in both varieties.

Pre-veraison

At 30–45 DAA, cessation of berry growth coincided with 
leaf complete stomatal closure in both varieties (Fig. 3). 
During the drydown, the decline in soil RWC resulted in a 
progressive reduction in ΨPD from ~ −0.5 MPa (day 1) to 
−2.0 MPa (day 15) in ‘Syrah’ and ~ −0.5 MPa (day 1) to −1.8 
MPa (day 15) in ‘Cabernet Sauvignon’ (Fig. 3A–D). Berry 
AGR decreased from 0.4 mm d−1 in ‘Syrah’ and 0.2 mm d–1 
in ‘Cabernet Sauvignon’ (day 1) to -0.1 mm d−1 (i.e. daily 
shrinkage) in both varieties (day 6) (Fig. 3E, F). This cor-
responded to a ΨPD of −0.8 MPa in ‘Syrah’ and –0.6 MPa in 
‘Cabernet Sauvignon’ (day 6) (Fig. 3C, D). Leaf midday Gs 
dropped from ~0.2 mol s−1 m−2 in ‘Syrah’ and ~0.25 mol s−1 
m−2 in ‘Cabernet Sauvignon’ (day 1) to 0.017 mol s−1 m−2 in 
‘Syrah’ and 0.034 mol s−1 m−2 in ‘Cabernet Sauvignon’ (day 
6) (Fig. 3G, H).

The relationship of leaf midday Gs and berry AGR indicated 
that berry AGR of ≤0 mm d−1 coincided with Gs of ≤0.022 mol s−1 
m−2 in ‘Syrah’ and ≤0.034 mol s−1 m−2 in ‘Cabernet Sauvignon 
(Fig. 4). On the other hand, berry AGR was positive and fairly 
steady when Gs was >0.16 mol s−1 m−2 for ‘Syrah’ (Fig. 4A) and 
>0.20 mol s−1 m−2 for ‘Cabernet Sauvignon’ (Fig. 4B).

The ΨPD threshold of Gs10 was detected in plant dehydra-
tion phase I and was associated with boundary Θ1 in both var-
ieties (Fig. 5). Maximum midday Gs (as predicted by the fitted 
sigmoidal curve) was 0.19 mol s−1 m−2 for ‘Syrah’ and 0.30 
mol s−1 m−2 for ‘Cabernet Sauvignon’ (Fig. 5A, B; see also 
Supplementary Data Table S3). The threshold of Gs10 was at 
−0.81 MPa in ‘Syrah’ and −0.74 MPa in ‘Cabernet Sauvignon’ 
(Fig. 5A, B), which corresponded to a midday Gs of 0.019 and 
0.030 mol s−1 m−2, respectively. For both varieties, these midday 
Gs values were associated with the onset of berry ‘shrinkage’ 
(see Fig. 3 on day 6; Fig. 4). For ‘Syrah’, the WP curve was 
triphasic with a boundary Θ1 and Θ2 at −0.98 and −1.24 
MPa, respectively (Fig. 5C; see also Table S4). For ‘Cabernet 
Sauvignon’, the WP curve was biphasic with a boundary Θ1 at 
−0.80 MPa (Fig. 5D; Table S4). The difference in ΨPD between 
Gs10 and Θ1 was 0.06 MPa for ‘Cabernet Sauvignon and 0.17 
MPa for ‘Syrah’ (Fig. 5).

Post-veraison

At 90–107 DAA, berry growth was negligible for ‘well-
watered’ and ‘drydown’ plants in both varieties (Fig. 6; 
see also Fig. 2). During the drydown, the decline in soil 
RWC was associated with a reduction in ΨPD from –0.3 to 
–2.3 MPa in ‘Syrah’ and ~ −0.3 to −2.0 MPa in ‘Cabernet 
Sauvignon’ (Fig. 6A–D). For both varieties, berry AGR was 
close to zero and most often negative under well-watered and 
drydown conditions throughout the experiment (Fig. 6E). 
For ‘Cabernet Sauvignon’, a similar pattern was observed; 
there was no consistent change in berry AGR in response to 
a decline in ΨPD. Leaf midday Gs ranged initially between 
0.245–0.3 mol s−1 m−2 in both varieties and declined over the 
course of the drydown reaching a value of 0.041 mol s−1 m−2 

in ‘Syrah’ and 0.037 mol s−1 m−2 in ‘Cabernet Sauvignon’ 
(day 8) (Fig. 6G, H).

Threshold of Gs10 was detected during plant dehydration 
phase I for both varieties (Fig. 7). Maximum Gs at midday was 
0.17 mol s−1 m−2 for ‘Syrah’ and 0.22 mol s−1 m−2 for ‘Cabernet 
Sauvignon’ as predicted by the fitted sigmoidal curve (Fig. 
7A, B; see also Supplementary Data Table S3). Subsequently, 
Gs10 was calculated at −0.61 MPa in ‘Syrah’ and −0.64 MPa 
in ‘Cabernet Sauvignon’ that corresponded to a midday Gs 
of 0.017 and 0.022 mol s−1 m−2, respectively (Fig. 7A, B; see 
also Table S3). For ‘Syrah’, the WP curve was triphasic with a 
boundary Θ1 and Θ2 at −1.11 and −1.80 MPa, respectively (Fig. 
7C; see Table S4). For ‘Cabernet Sauvignon’, the WP curve was 
also triphasic with a boundary Θ1 at −0.78 MPa and Θ2 at −1.51 
MPa. respectively (Fig. 7D; Table S4). The difference in ΨPD 
between Gs10 and Θ1 was 0.13 MPa for ‘Cabernet Sauvignon’ 
and 0.5 MPa for ‘Syrah’. In both varieties the difference be-
tween Gs10 and boundary Θ2 was more than 0.8 MPa (Fig. 7).

DISCUSSION

In this study on grapevine (varieties ‘Syrah’ and ‘Cabernet 
Sauvignon’) subjected to progressive drought stress, we found 
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that leaf complete stomatal closure (defined at Gs10) coincides 
with cessation in berry growth at pre-veraison (30–45 DAA, 
stage 1). Between varieties Gs10 occurred at a comparable 
ΨPD of −0.81 MPa in ‘Syrah’ and −0.74 MPa in ‘Cabernet 
Sauvignon’ (i.e. only <0.1 MPa difference) and was detected 
towards the end of plant dehydration phase I as determined 
with the WP curve. We speculate that negative berry AGR (i.e. 
shrinkage) during plant dehydration phases II and III, and as 
observed from day 6 to 14 when midday Gs was negligible, 

was linked to excessive xylem backflow that could not be com-
pensated for by sufficient water inflow via xylem and phloem 
in both varieties (see Greenspan et al., 1994). Rates of berry 
shrinkage were comparable (i.e. around –0.1 to –0.2 mm d−1) 
between varieties. Together, drought-induced reductions in leaf 
midday Gs can slow down the decline in ΨPD over time by redu-
cing transpirational water loss but the onset of berry shrinkage 
(AGR < 0) is not delayed by leaf complete stomatal closure 
(see Fig. 3).
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At post-verasion, berry shrinkage occured under ‘well-
watered’ and ‘drydown’ conditions in ‘Syrah’ and ‘Cabernet 
Sauvignon’, and the rate of berry shrinkage was compar-
able between varieties under both conditions. Hence, berry 
shrinkage between 90 and 107 DAA could not be attributed 
to limited soil water availability. The fact that negative berry 
AGR did not intensify under progressive drought stress (i.e. 
decline in ΨPD) was probably due to the presence of xylem 
occlusions limiting xylem backflow from berry to parent 

plant and/or a relatively low berry Ψ due to sugar accumula-
tion at post-veraison (Keller et al., 2006, 2015; Wada et al., 
2008; Choat et al., 2009; Knipfer et al., 2015). Carlomagno 
et al. (2018) showed that xylem backflow is active in pre- but 
not post-verasion berries of ‘Syrah’ using acid fuchsin as 
xylem tracer. Xylem occlusions were detected in vessels of 
the berry pedicel in ‘Cabernet Sauvignon’ at post-veraison 
(Knipfer et al., 2015). However, if we assume that a residual 
hydraulic pathway of reduced conductivity remained active 
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(see Tilbrook and Tyerman, 2009), leaf complete stomatal 
closure may have helped to prevent more intensive berry 
shrinkage by restricting transpirational water loss and re-
ducing rates of xylem backflow; this may also have been 
the case at pre-veraison where rates of berry shrinkage (i.e. 
AGR < 0) remained fairly constant after leaf complete sto-
matal closure. Previously, berry shrinkage at post-veraison 
has been reported to be more pronounced in ‘Syrah’ than 
in other varieties (e.g. Tilbrook and Tyerman, 2009) under 
well-watered conditions, but our data provide no clear evi-
dence that berry AGR is more negative in ‘Syrah’ compared 
to ‘Cabernet Sauvignon’ under well-watered conditions. 
Day 16 of the drydown may suggest this, when the rate 
of shrinkage was around −0.2 mm d−1 in ‘Syrah’ and only 
−0.04 mm d−1 in ‘Cabernet Sauvignon’, but this also corres-
ponded to a lower ΨPD in ‘Syrah’ (−2.3 MPa) compared to 
‘Cabernet Sauvignon’ (−2.0 MPa) on that day. In summary, 
our data are in support of previous findings that water stress 
by drought has rather negligible effects on berry shrinkage at 
post-veraison even if some hydraulic connection remains be-
tween berry and parent plant (Greenspan et al., 1994, 1996; 
Keller et al., 2006; and as cited above).

The thresholds of Gs10 occurred towards the end of plant 
dehydration phase I of the WP curve, and was comparable 
to boundary Θ1 for ‘Syrah’ (at pre-veraison) and ‘Cabernet 
Sauvignon’ (at pre- and post-veraison). In contrast, Charrier 
(2020) suggested that leaf stomatal closure is rather linked to 
boundary Θ2 in grapevine. However, based on data by Knipfer 
et al. (2020a) on walnut, Θ2 is linked to the turgor loss point 
(ΨTLP). Leaf pressure–volume curves allow to determine ΨTLP 
(Kramer and Boyer, 1995; Sack and Pasquet-Kok, 2010; Bartlett 
et al., 2012, 2021). Dayer et al. (2020) found a ΨTLP of −1.5 
MPa for ‘Syrah’, which is only slightly more negative than our 
Θ2 of −1.2 MPa at pre-veraison. Moreover, Alsina et al. (2007) 
found a reduction in ΨTLP from fruit set to harvest in several 
grape varieties. Similarily, our Θ2 dropped to more negative 
values from pre- to post-veraison (i.e. from −1.2 to −1.8MPa) 
in ‘Syrah’. Nevertheless, we did not detect a boundary Θ2 at 
pre-veraison for ‘Cabernet Sauvignon’. We speculate that the 
reason for this observation is that both Gs10 and ΨTLP coincided 
in this variety at pre- but not post-veraison. 

For our fruit-bearing plants, Gs10 was more negative at pre- 
compared to post-verasion (by 0.2 MPa in ‘Syrah’ and 0.1 MPa 
in ‘Cabernet Sauvignon’). This indicates that stomata closed 
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‘earlier’ at post-veraison under increasing drought stress in 
both varieties. Since our post-veraison experiment was con-
ducted late into berry development, we speculate that ‘earlier’ 
stomatal closure at less negative ΨPD was a response to limit 
transpirational water loss over maintaining CO2 capture (photo-
synthesis); energy demands for berry growth/developmental 
are negligible at this point. In contrast, Herrera et al. (2022) 
reported that stomatal responses become increasingly more tol-
erant to more negative plant Ψ over the growing season, and 
complete stomata closure occurs at more negative plant Ψ. One 
reason for the difference in stomatal responses observed here 
and by Herrera et al. (2022) may be fruit load since the latter 
authors performed their study on plants that did not bear fruits. 
Effects related to plant development and growing conditions at 
the time of measurements may also contribute to this difference.

Plant Ψ measured at midday on an equilibrated leaf (stem 
water potential) responds to air VPD when the remaining 
leaves of the canopy are transpiring (stomata are open); that is 
so because transpiration rates impact xylem pressure (Shackel, 
2011). Therefore, one may argue that the observed differences 
in WP curve characteristics from pre- to post-veraison are 
predominantely a VPD response. However, our data show that 
ΨMD responded similarly to VPD at pre- and post-verasion for 
both varieties (Supplementary Data Fig. S2). For ‘Syrah’, we 
determined a change in ΨMD of –0.09 MPa per 1-kPa change in 
air VPD at pre-veraison and −0.08 MPa kPa–1 at post-veraison 
(Fig. S2). Also, there was no significant difference in the re-
sponse of ΨMD to VPD between pre-veraison (−0.07 MPa kPa–1) 
and post-veraison (−0.06 MPa kPa–1) for ‘Cabernet Sauvignon’ 
(Fig. S2). In addition, responses in midday Gs, and in turn Gs10 
values, were not dependent on air VPD conditions since midday 
Gs was measured on leaves clamped inside an environmentally 
controlled cuvette of the LICOR gas exchange system (Fig. S2).

The ability of plants to maintain xylem pressure under 
drought is typically described using the concept of isohydricity 
(Tardieu and Simonneau, 1998; Meinzer et al., 2016; Martinez-
Vilalta et al., 2014; for A review see Hochberg et al., 2018). 
Our WP curves suggest a shift towards a more isohydric be-
haviour (i.e. shallower slopes) in phase II of the WP curve at 
pre- and post-veraison in both varieties. In addition to stomatal 
closure at Θ1, we speculate that stem water release into the tran-
spiration stream (Holbrook 1995) and reduced root water loss 
to the drying soil environment (Cuneo et al, 2016, 2021) con-
tributed to this shift from an aniso- (steeper slope, phase I) to 
isohydric (shallower slope, phase II) behaviour.

CONCLUSION

Over the last decades, grapevine water relations have been 
investigated to better understand the impact of soil water 
availability on berry growth (Matthews and Anderson, 1989; 
Greenspan et al., 1994, 1996; Matthews and Shackel, 2005; 
Castellarin et al., 2007, 2011; Wada et al., 2008; Choat et al., 
2009; Shackel, 2011; Knipfer et al., 2015; Gambetta et al., 
2020). Here, we show that cessation of berry growth coincides 
with leaf complete stomatal closure at pre-veraison (berry 
growth stage 1) for grapevine varieties ‘Syrah’ and ‘Cabernet 
Sauvignon’ subjected to progressive drought stress. However, 
this does not mean that there is a mechanistic link between 

both processes but rather highlights that both process-specific 
thresholds are associated with the same plant stress status. 
Since berry growth is maintained prior to reaching Gs10, Gs10 
(with respect to ΨPD) can be an important irrigation target that 
prevents cessation of berry growth when water resources are 
limited. Between the two varieties tested, our data indicate no 
major differences in the timing of cessation of berry growth 
under progressive drought and its relation to leaf complete 
stomata closure. Future studies may be directed towards re-
solving the recovery potential of berry growth rate following 
shrinkage.

SUPPLEMENTARY DATA

Supplementary data are available at Annals of Botany online 
and consist of the following.

Figure S1: Soil relative water content determined for dif-
ferent plant weights. Figure S2: Relationship of air vapour pres-
sure deficit (VPD) versus plant water potential at midday or leaf 
stomatal conductance for grapevines under well-watered condi-
tions. Table S1: Regression models (at P < 0.05) applied to the 
relationship of ΨMD (y-axis) and ΨPD (x-axis) corresponding to 
Figs 5 and 7. Table S2: Regression models (at P < 0.05) applied 
to the relationship of midday Gs (y-axis) and ΨPD (x-axis) for 
all datapoints between varieties, treatments and developmental 
stages. Table S3. Calculated values of midday Gsmax and Gs10 
from non-linear sigmoidal regressions including 95 % confi-
dence intervals and standard errors (corresponding to Figs 5 
and 7). Table S4. Boundary values extracted from WP curves 
including 95 % confidence intervals and standard errors (cor-
responding to Figs 5 and 7). 
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